Cue-induced reinstatement of alcohol-seeking is a hallmark behavioral pathology of addiction. Evidence suggests that reinstatement (e.g., relapse), may be regulated by cell signaling systems that underlie neuroplasticity. A variety of plasticity events require activation of calcium calmodulin-dependent protein kinase II (CaMKII) in components of the reward pathway, such as the nucleus accumbens and amygdala. We sought to determine if cue-induced reinstatement of alcohol-seeking behavior is associated with changes in the activation state (e.g., phosphorylation) of CaMKII-T286. Male C57BL/6J mice (n = 14) were trained to lever press on a fixed-ratio-4 schedule of sweetened alcohol (2% sucrose + 9% EtOH) reinforcement. After 14-d of extinction (no cues or reinforcers), mice underwent a response-contingent reinstatement (n = 7) vs. an additional day of extinction (n = 7). Brains were removed immediately after the test and processed for evaluation of pCaMKII-T286 immunoreactivity (IR). Number of pCaMKII-T286 positive cells/mm 2 was quantified from coronal brain sections using Bioquant Image Analysis software. Mice emitted significantly more responses on the alcohol vs. the inactive lever throughout the baseline phase with average alcohol intake of 1.1 ± 0.03 g/kg/1-h. During extinction, responses on the alcohol lever decreased to inactive lever levels by day 7. Significant cue-induced reinstatement of alcohol-seeking was observed during a single test with no effects on the inactive lever. Reinstatement was associated with increased pCaMKII-T286 IR specifically in amygdala (LA and BLA), nucleus accumbens (AcbSh), lateral septum, mediodorsal thalamus, and piriform cortex as compared to extinction control. Brain regions showing no change included the dorsal striatum, medial septum, cingulate cortex, habenula, paraventricular thalamus, and ventral hypothalamus. These results show response contingent cue-induced reinstatement of alcohol-seeking behavior is associated with selective increases in pCaMKII-T286 in specific reward-and memory-related brain regions of male C57BL/6J mice. Primary molecular mechanisms of associative learning and memory may regulate relapse in alcohol addiction.
Introduction
Relapse to alcohol-seeking during abstinence is a hallmark behavioral pathology of addiction and a major clinical problem. Associative learning and memory processes (e.g., forms of neuroplasticity) play a principal role in relapse. Clinical studies conducted with abstinent alcoholics indicate that exposure to environmental cues previously associated with alcohol promote craving and relapse (Carter and Tiffany, 1999; Kaplan et al., 1985) and activate brain regions that regulate learning, memory, and reward, such as the amygdala (Schneider et al., 2001; Wiers et al., 2015; Wiers et al., 2014) . Thus, elucidating adaptations in mechanisms of plasticity has the potential to move the field forward in understanding how drug-paired cues control behavior, and may identify novel therapeutic targets for the medical management of addiction (Berke and Hyman, 2000; Grueter et al., 2012; Kalivas and Volkow, 2011; Kauer and Malenka, 2007; Kelley, 2004; Kourrich et al., 2015; Mulholland and Chandler, 2007; Niehaus et al., 2009) . Cell signaling systems that subserve synaptic plasticity are primary candidate mechanisms because they transduce pleiotropic drug effects, such as changes in membrane receptor activity, into enduring modifications in neural function (Hyman, 2005) . Thus, a key challenge for the field is to determine if cell signaling systems that regulate normal learning, memory, and plasticity also underlie maladaptive associative learning and memory processes such as cue-induced alcohol-seeking behavior.
Calcium calmodulin-dependent protein kinase II (CaMKII) is a family of Ca 2 + -activated Ser/Thr protein kinases that mediates many intracellular responses in the brain, including regulation of membrane current, neurotransmitter synthesis and release, and is widely considered to be a primary mechanism of neuroplasticity (Colbran and Brown, 2004; Hudmon and Schulman, 2002; Lisman et al., 2002) . Of the four known isoforms of CaMKII (α, β, γ, and δ), CaMKIIα and CaMKIIβ are the most prevalent in the brain, where they form mixed α/ β holoenzymes. The CaMKII holoenzyme is activated via phosphorylation when neuronal depolarization leads to Ca 2 + entry into the cell through multiple sources including ionotropic glutamate receptors (AMPA and NMDA) and L-type voltage-gated calcium channels. Calmodulin then binds calcium to form a Ca 2 + /calmodulin complex that leads to CaMKII phosphorylation at a threonine 286 site (pCaMKII-T286). Following activation, pCaMKII-286 can translocate to the membrane and/or postsynaptic density where it facilitates glutamate receptor (i.e., NMDA, AMPA) activity (Sessoms-Sikes et al., 2005) . Activation of glutamate receptors is critical for learning, memory, and addictive processes.
An important feature of CaMKII signal transduction that may subserve its role in synaptic and behavioral plasticity is that once activated, the kinase enters a relatively autonomous state. That is, autophosphorylation of CaMKII-T286 renders the kinase resistant to phosphatases and allows kinase activity to continue for long periods of time after the Ca 2 + signal diminishes (Soderling et al., 2001 ). This prolonged and independent function of CaMKII led to the widely held hypothesis that CaMKIIα may represent a molecular "switch," or "memory molecule," that encodes long-term memory and other enduring changes in behavior and synaptic plasticity (Hudmon and Schulman, 2002; Lisman et al., 2002; Soderling et al., 2001) . These findings support the hypothesis that CaMKII activity may underlie longterm enduring pathological behaviors associated with alcoholism, such as learning that occurs when alcohol becomes a positive reinforcer, and during cue-induced relapse-like behavior, which is a form of associative memory. Consistent with this notion, we have shown that moderate homecage alcohol drinking or low-dose operant alcohol self-administration increases total CaMKIIα protein expression in amygdala and nucleus accumbens, and CaMKII phosphorylation (pCaMKII-T286) in C57BL/6J mouse amygdala (Salling et al., 2016) . Higher levels of alcohol exposure induced by binge-like alcohol drinking also increase CaMKII protein expression in the nucleus accumbens (Lee et al., 2016) . At the mechanistic level, pharmacological inhibition of CaMKII activity in the amygdala reduces operant alcohol self-administration in C57BL/6J mice (Salling et al., 2016) and alcohol-preferring P-rats (Cannady et al., 2016) , indicating that the reinforcing effects of alcohol require CaMKII activation in the amygdala. Moreover, we have also shown that CaMKII activity in the amygdala is required for AMPA receptor activation-induced escalation of operant alcohol self-administration by P-rats (Cannady et al., 2016) . Mice carrying a global point mutation that blocks CaMKIIα-T286 autophosphorylation (Giese et al., 1998) show blunted acquisition of voluntary home cage alcohol drinking (Easton et al., 2013) . By contrast, inhibition of CaMKII in the prefrontal cortex increased the positive reinforcing effects of alcohol , suggesting that CaMKII regulation of alcohol self-administration is brain region, or neural circuit, dependent. Overall, these findings indicate that CaMKII activity plays a vital role in the positive reinforcing effects of alcohol in mice and rats, demonstrating interspecies generality of this mechanistic effect.
It is not known if CaMKII activation is associated with cue-induced reinstatement of alcohol-seeking behavior, which is a preclinical model of relapse that relies on associative learning and memory. Here we sought to establish the feasibility of this approach in mice using a procedure adapted from our rat studies (Schroeder et al., 2008) to show: 1) extinction of alcohol reinforced responding; 2) response-contingent cue-induced reinstatement of alcohol-seeking; and 3) potential changes in pCaMKII-T286 immunoreactivity (IR) in cortico-limbic brain regions known to regulate relapse-like behavior, such as the amygdala and nucleus accumbens.
Materials and methods

Animals
Male C57BL/6J mice (n = 16) arrived at 10 weeks of age from Jackson Laboratory (Bar Harbor, ME). Mice were group-housed in clear, polycarbonate cages lined with corn-cob bedding. Cages were covered by stainless steel wire lids through which Purina rodent chow and water was available ad libitum. The vivarium was maintained on a 12 h:12 h reverse light/dark cycle (lights off at 0800) with temperature at 21 ± 1°C. Mean ± SEM body weight ranged from (25.8 ± 0.5 g) on training day 1 to (29.4 ± 0.9 g) on the last experimental day, indicating normal growth and development. All procedures were approved by the Institutional Animal Care and Use Committee of the University of North Carolina at Chapel Hill, and animals were cared for in accordance with the Guide for the Care and Use of Laboratory Animals (National Research Council (U.S.). Committee for the Update of the Guide for the Care and Use of Laboratory Animals. et al., 2011).
Self-administration apparatus
Alcohol self-administration, extinction and reinstatement sessions were conducted in Plexiglas operant chambers designed for mice (Med Associates, Georgia, VT) measuring 15.9 × 14 × 12.7 cm with stainless steel grid floors. Each chamber was housed in a sound-attenuating cubicle equipped with a house fan that provided ventilation and helped mask external noise. Chambers were equipped with two ultra-sensitive stainless-steel response levers with a stimulus light located above each lever. An alcohol solution was delivered via a syringe mounted to a programmable pump (PHM-100, Med Associates), which delivered 0.014 ml per activation into a stainless-steel cup. The operant conditioning chambers were interfaced (Med Associates, Med-PC Software) to a Windows compatible desktop computer, which was programmed to record all lever presses, and control liquid deliveries and stimulus lights.
Alcohol self-administration, extinction, and reinstatement procedure
A summary of the behavioral procedures is shown in the time line in Fig. 1A .
Self-administration
Following one week of acclimation to housing conditions, mice were deprived of fluid for 20 h prior to initial training in the operant chamber (Fig. 1B, left) . The first three days of training were 16-h sessions with sucrose (5% w/v) reinforcement initially on a fixed-ratio 1 (FR1) schedule of reinforcement that progressed to an FR4 schedule. All subsequent self-administration sessions were 1-h in duration and followed a FR4 schedule of reinforcement. Mice were then trained, during 28 daily 1-h sessions, to self-administer a sweetened alcohol solution (9% EtOH (v/v) + 2% sucrose (w/v)) by using a sucrose fading procedure as previously described (Faccidomo et al., 2009; Salling et al., 2008; Salling et al., 2016) . Subsequently the sweetened alcohol solution is referred to as "alcohol." Self-administration procedures were continued for 28 sessions (7 days per week). During all operant self-administration sessions, responses on the alcohol-paired lever resulted in M.C. Salling et al. Pharmacology, Biochemistry and Behavior 163 (2017) 20-29 the presentation of a compound stimulus consisting of a visual cue light and the auditory stimulus of pump activation from a fixed spatial location. Responses on the inactive lever produced no programmed consequences. Fluid cups were inspected at the end of each session to verify intake.
Extinction
Following the 28-day baseline, self-administration behavior was extinguished by removing all programmed consequences of lever press responding (i.e., absence of cue-light, pump sound, and sweetened alcohol delivery) (Fig. 1B, middle) . Extinction training continued during 14 daily (2 weeks) 1-h sessions.
Cue-induced reinstatement
Reinstatement testing was conducted during a single session, one day following the last extinction session. For reinstatement testing and subsequent immunohistochemistry, mice were divided into two subgroups. First, an extinction control group (n = 7) continued extinction training for an additional session. A second group (n = 7) was given a response contingent cue-induced reinstatement test in which lever press responses were followed by presentation of the cue light and auditory cue (as during self-administration training on a FR4 schedule) in the absence of alcohol/sucrose reinforcement to examine cue-induced alcoholseeking behavior, as previously reported by our group (Schroeder et al., 2008) (Fig. 1B, right) . For the reinstatement group only, fluid cups were also primed with 0.14 ml of the alcohol/sucrose solution (equivalent to one reinforcer) prior to session onset to provide oro-gustatory stimuli in addition to the cue-light and pump sound.
Behavioral data analysis
The principal behavioral parameters of operant ethanol self-administration were number of active and inactive lever presses, and volume of ethanol consumed (mls). Alcohol intake (g/kg) was determined using each animal's daily body weight and the volume of ethanol delivered per total number of reinforcers (0.14 ml of 9% v/v ethanol). Self-administration and extinction data were analyzed separately by two-way repeated measures analysis of variance (RM ANOVA) with factors for lever (active vs. inactive) and day (GraphPad Software Inc., La Jolla, CA USA). Multiple comparisons were conducted with Sidak's test.
Total response data were analyzed from the reinstatement test via unpaired t-test comparison of two groups (extinction vs. reinstatement).
Immunohistochemistry
Tissue collection and fixation
Immediately after the reinstatement test, extinction and reinstatement groups (n = 7 each were deeply anesthetized with pentobarbital (150 mg/kg) and intracardially perfused with ice-cold phosphate buffered saline (PBS; 0.1 M) followed by 4% paraformaldehyde. Brains were removed and post-fixed in paraformaldehyde for 48 h, and stored in PBS at 4°C. Coronal brain sections (40 μM) were prepared using a vibratome (Leica VT1000S, Leica Microsystems, Buffalo Grove, IL) and were stored at − 20°C in cryoprotectant until immunohistochemistry processing.
Immunodetection
Analysis of pCaMKII-T286 immunoreactivity (IR) was performed as previously described (Agoglia et al., 2015; Cannady et al., 2016; Faccidomo et al., 2015; Schroeder et al., 2008; Spanos et al., 2012) using a 2 day protocol. On day 1, free-floating coronal sections were washed with 0.1 M PBS before being gently bathed in 1% H 2 O 2 to inhibit endogenous peroxidase activity. Antigen retrieval was performed by immersing tissue in Citra buffer (1 ×; Biogenics, Napa, CA) for 30 min at 70°C. Sections were blocked with 5% normal goat serum (Vector Labs, Burlingame, CA) in PBS with 0.1% Triton X (PBS Tx ) for 1 h and incubated with a rabbit polyclonal antibody to pCamKII-T286 (Abcam, ab32678 at 1:1500 dilution) overnight at 4°C. On day 2, sections were washed in PBS-TX and then incubated with a goat antirabbit secondary antibody for 1 h at room temperature. Finally, antibody bound pCaMKII-T286 was visualized using a DAKO-DAB chromogen (Agilent Technologies, Carpinteria, CA), sections were counterstained with Toluidine Blue and were mounted on slides for analysis.
Antibody validation
This pCaMKII-T286 antibody (Abcam, ab32678) was validated by the vendor to be specific for the~50 kDa alpha CaM Kinase II subunit and the~60 kDa beta CaM Kinase II subunit phosphorylated at Thr286 in Western blots. Immunolabeling was blocked by the phosphopeptide used as the antigen but not by the corresponding dephosphopeptide. We also validated the antibody using Western blots in untreated C57BL/6J mouse frontal cortex and nucleus accumbens tissue and verified labeling of two bands at~50 and~60 kDa. No other bands were detected (data not shown). Thus, this antibody labels activation (phosphorylation) of the CaMKII α/β holoenzyme at the T286.
Visualization and analysis
Quantification of pCaMKII-T286 IR was conducted at 10× magnification using a light microscope (Olympus CX41, Olympus, Tokyo) connected to a computer with Bioquant Image Anaysis software (Bioquant Life Science Software v.8.40.20; Bioquant Corp, Nashville, TN). A digital camera (Regita OEM fast, QImaging, Burnaby, BC) attached to the microscope was used to acquire all images. The microscope, camera, and software were background corrected and M.C. Salling et al. Pharmacology, Biochemistry and Behavior 163 (2017) 20-29 normalized to preset light levels to ensure fidelity of data acquisition. The number of pCaMKIIα-T286 immunopositive cells from extinction and reinstatement test conditions was obtained from a circumscribed field encompassing the brain region or sub-nucleus of interest, divided by the area, and analyzed as cells/mm 2 . Data represent the average of bilateral measurements from 2 or 3 coronal sections through each brain region. Tissue was coded throughout the experiment so the experimenter was blind to the treatment conditions during analysis. Immunohistochemistry data were analyzed by unpaired t-test after verifying lack of statistical outliers (Grubb's test, GraphPad Software). Differences in degrees of freedom among brain regions reflects data exclusion due to tissue loss (n = 1 from each EXT and REINST conditions, all brain regions), irregular staining (n = 1-2 from both EXT and REINST; lateral septum and mediodorsal thalamus) and improper anatomical coordinates (n = 1 from each EXT and REINS; piriform cortex). A list of all brain regions analyzed and cell count data are shown in Table 1 . Data from brain regions that showed significant changes are reproduced graphically accompanied by photomicrographs.
Brain regions
Based on prior results (Schroeder et al., 2008) , analysis of pCaMKII-T286 was initially focused on subnuclei of the nucleus accumbens (AcbC and AcbSh; Bregma 1.0 ± 0.25 mm) and amygdala (LA, BLA, and CeA; Bregma 1.6 ± 0.5 mm). However, prominent pCaMKII-T286 IR was observed in structures adjacent to the nucleus accumbens (dorsal striatum, frontal and anterior piriform cortices, and lateral and medial septum) and amygdala (habenula, midline thalamus, and hypothalamus) and was also analyzed. The arcuate nucleus, medial habenula, and hippocampus were not analyzed due to excessively dark background and/or irregular staining.
Results
Alcohol self-administration
Alcohol self-administration increased as a function of time and stabilized during the 28-day exposure period. Two-way RM ANOVA showed that C57BL/6J mice exhibited significantly more responses on the alcohol lever as compared to the inactive lever [F(1,26) = 38.6, p < 0.0001] throughout the baseline phase ( Fig. 2A, left) . There was also a significant effect of Time [F(27,702) = 6.6, p < 0.0001] and a significant Lever x Time interaction [F(27,702) = 3.3, p < 0.0001] indicating that the reinforcing effects of alcohol increased, or escalated, over time ( Fig. 2A, left) . Sidak's multiple comparison tests showed that responses on the active lever were significantly greater than on the inactive lever in all cases except on days 1 and 3 ( Fig. 2A , left, p < 0.05). Sidak's multiple comparisons within the active lever condition also showed that there were no significant differences in response totals after day 17 (p > 0.05) indicating that self-administration behavior was stable during the last 10 days of baseline. As a result, dosage of self-administered alcohol per 1-h session (MEAN ± SEM) increased from (0.4 ± 0.07 g/kg) on day 1 to (1.02 ± 0.08 g/kg) on day 17 and remained stable during the last 10 days of baseline (range: 0.98 ± 0.08-1.25 ± 0.18 g/kg; mean: 1.09 ± 0.10 g/kg).
Extinction
During the 14 days of extinction, mice emitted significantly more responses on the lever that previously produced alcohol reinforcement [F(1,26) = 6.28, p < 0.05] (Fig. 2A, right) . Although there was a main effect of time [F(13,388) = 23.3, p < 0.0001] indicating that responding on both the active (alcohol) and inactive levers decreased as a function of time, the magnitude of change was greater for responses on the alcohol lever as indicated by the significant statistical interaction between lever (active vs. inactive) and time [F(13,388) = 10.1, p < 0.0001]. Sidak's multiple comparisons showed that responses on the alcohol-associated lever decreased as a function of time and were greater than inactive lever responding only on the first 6 days of M.C. Salling et al. Pharmacology, Biochemistry and Behavior 163 (2017) 20-29 ( Fig. 2A, right) . Overall, these data show extinction of alcohol reinforced responding (i.e., equivalent responding on levers that previously produced alcohol or no consequences) when all consequences of lever pressing were removed for 14 days. In addition, subsequent group differences on reinstatement tests were not a function of differential between-group rates of extinction.
3.3. Cue-induced reinstatement 3.3.1. Sub-group assignment Prior to the reinstatement test, mice were divided into two subgroups for subsequent extinction or reinstatement testing. Behaviorally matched sub-groups were derived by averaging active lever presses over the last 5 self-administration sessions (MEAN ± SEM Reinstatement:144 ± 19.6 vs. Extinction: 138 ± 43.7) and the last 5 extinction sessions (MEAN ± SEM Reinstatement: 40.3 ± 5.9 vs Extinction 37.4 ± 4.6) followed by t-test comparisons to ensure lack of group differences. Two mice were excluded from analyses due to low response totals during self-administration, which resulted in final group sizes of n = 7 for the extinction and reinstatement conditions. Grubb's test was used to verify lack of statistical outliers following sub-group formation.
Reinstatement test
Mice underwent a single reinstatement test in which responses on the previously active (alcohol-associated) lever produced either: no consequence (Ext group) or presentation of discrete response-contingent cues (Reinst group) that were previously paired with reinforcer delivery during self-administration baseline (i.e., stimulus light above the lever and pump sound). Mice in the reinstatement group emitted significantly more responses on the active lever, which produced cues (light and pump sound), as compared to the group that continued extinction, t(12) = 2.4, p = 0.03 (Fig. 2B) . These behavioral data demonstrate cue-induced reinstatement of alcohol-seeking behavior on the previously active lever that was associated with alcohol and cue presentation. Cue-induced reinstatement of approximately 50% of baseline alcohol reinforced responding is generally consistent with prior studies in alcohol preferring P-rats (Cannady et al., 2013; Schroeder et al., 2008) and C57BL/6J mice (Tsiang and Janak, 2006; Loos et al., 2013 #777) .
Effect of cue-induced reinstatement on pCaMKII-T286 IR
Response-contingent cue-induced reinstatement of alcohol-seeking behavior was associated with increased pCaMKII-T286 IR in specific corticolimbic nuclei: nucleus accumbens (AcbSh), cortex (anterior PIR), lateral septum, amygdala (LA and BLA), and mediodorsal thalamus. No changes were observed in other nuclei that showed prominent pCaMKII-T286 IR including central amygdala, dorsal striatum (medial and lateral), paraventricular thalamus, lateral habenula, and hypothalamus (dorsomedial and ventromedial) ( Table 1) .
Nucleus accumbens (core and shell)
Cue-induced reinstatement of alcohol-seeking behavior produced sub-regional effects on CaMKII-T286 phosphorylation in the nucleus accumbens. There was no change in MEAN ± SEM pCaMKII-T286 cells/mm 2 in the nucleus accumbens core, t(10) = 0.73, p = 0.48.
However, pCaMKII-T286 IR in the nucleus accumbens shell (AcbSh) was increased approximately 1.85 fold, t(10) = 3.5, p = 0.005 (Fig. 3A) . The cytological pattern of pCaMKII-T286 IR in the nucleus accumbens following extinction and reinstatement are shown in Fig. 3B .
Striatum (dorsomedial and dorsolateral)
No changes in were observed in MEAN ± SEM pCaMKII-T286 cells/mm 2 in the dorsomedial striatum, t(10) = 0.17, p = 0.86, or dorsolateral striatum, t(10) = 0.77, p = 0.46, following cue-induced reinstatement (Table 1) .
Septum (medial and lateral) and septohippocampal nucleus
Analysis of septal nuclei following cue-induced reinstatement identified a 1.46 fold increase in pCaMKII-T286 IR specifically in the lateral septum, t(7) = 2.13, p < 0.05 (Fig. 4A) . Representative photomicrographs illustrating the cytological pattern of pCaMKII-T286 IR in septal nuclei following extinction and reinstatement are shown in Fig. 4B . No changes in pCaMKII-T286 IR were observed in the medial septum, t(10) = 0.39, p = 0.70), or septohippocampal nucleus, t(10) = 0.45, p = 0.66 (Table 1) .
Piriform and cingulate cortex
Analysis of the anterior piriform cortex, lateral to the nucleus accumbens, showed that reinstatement was associated with a significant increase in pCaMKII-T286 IR [t(8) = 1.99, p < 0.05] (Fig. 4C) . Representative photomicrographs illustrating the cytological pattern of pCaMKII-T286 IR in the anterior piriform are shown in Fig. 4D .
No changes were observed in in pCaMKII-T286 IR in the cingulate cortex subregions CG1, t(10) = 0.26, p = 0.80, or CG2, t(10) = 0.65, p = 0.53 (Table 1) .
Amygdala (lateral, basolateral, and central)
Cue-induced reinstatement of alcohol-seeking behavior was associated with a significant increase in CaMKII-T286 phosphorylation (i.e., activation) specifically in the lateral nuclei of the amygdala (Fig. 5A) . Analysis showed that pCaMKII-T286 IR was increased approximately 2-fold in both the lateral amygdala (LA) [t(11) = 2.5, p = 0.03] and basolateral amygdala (BLA) [t(11) = 2.4, p = 0.04] following response-contingent exposure to cues previously associated with alcohol delivery. There was no significant change in pCaMKII-T286 IR in the central amygdala (CeA), t(11) = 0.82, p = 0.42. Representative photomicrographs illustrating the cytological pattern of pCaMKII-T286 IR in subnuclei of the amygdala following extinction and reinstatement are 
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3.4.6. Thalamus (paraventricular, intermediodorsal, mediodorsal and nucleus reuniens) and lateral habenula Cue-induced reinstatement of alcohol-seeking behavior was associated with a site-specific increase in pCaMKII-T286 IR in the mediodorsal thalamus [t(8) = 1.9, p = 0.04] (Fig. 6A) . No changes were observed in paraventricular or intermediodorsal thalamus, or the more ventral nucleus reuniens (Fig. 6A, Table 1 ). No changes in pCaMKII-T286 IR were observed in the lateral habenula (Table 1) . pCaMKII-T286 IR in the medial habenula was consistently intense regardless of experimental condition, which precluded differentiation of specific cells for analysis. Representative photomicrographs illustrating the cytological pattern of pCaMKII-T286 IR in subnuclei of the dorsal thalamus following extinction and reinstatement are shown in Fig. 6B . The nucleus reuniens is not pictured.
Hypothalamus
There were no changes in pCaMKII-T286 in the ventromedial or ventrolateral hypothalamus associated with cue-induced reinstatement of alcohol-seeking behavior (Table 1) .
Discussion
Addiction can be conceptualized as a disorder of neuroplasticity (Chandler, 2003; Kalivas, 2009; Kauer and Malenka, 2007; Koob and Volkow, 2010; McCool, 2011; Nestler, 2001; Winder et al., 2002) involving maladaptive associative learning and memory (Berke and Hyman, 2000; Hyman, 2005; Kelley, 2004) . Consequently, exposure to environmental stimuli that have been paired with a drug of abuse, such as alcohol, can induce craving and relapse in humans (Carter and Tiffany, 1999; Papachristou et al., 2014; Schneider et al., 2001; Seo and Sinha, 2014) and relapse-like behavior in animal models (Chaudhri et al., 2008; Le and Shaham, 2002; Maccioni et al., 2007) . CaMKII-T286 phosphorylation is a primary molecular mechanism of neuroplasticity at the cellular level (Colbran and Brown, 2004; Malinow et al., 1989; Silva et al., 1992b) and is required for learning, memory and associative conditioning (Mayford et al., 1996; Rodrigues et al., 2004; Silva et al., 1992a ). Here we show that response-contingent exposure to environmental stimuli that were previously paired with the positive reinforcing effects of alcohol (associative conditioning) reinstates alcohol-seeking behavior and increases pCaMKII-T286 IR in specific reward-related brain regions in C57BL/6J mice. Thus, alcohol-paired environmental stimuli may express motivational significance, in part, by activation of this fundamental molecular mechanism of neuroplasticity.
This premise is supported by growing evidence indicating that alcohol alters CaMKII expression and phosphorylation in brain regions that regulate the reinforcing effects of alcohol, such as the cortex, nucleus accumbens, and amygdala. Alcohol transiently increases CaMKII activity in mouse oocytes (Winston and Maro, 1995) . Similarly, chronic alcohol produces a 25% increase in kinase activity in rat cortical astrocytes (Smith and Navratilova, 1999) . Results from in vivo studies show that forced exposure to alcohol in the drinking water from conception through postnatal day 8, 30, or 90 upregulates CaMKIIα protein M.C. Salling et al. Pharmacology, Biochemistry and Behavior 163 (2017) 20-29 in rat cortex (Mahadev et al., 2001 ) and that binge-like drinking (~6 g/ kg/day) increases expression of CaMKII in the nucleus accumbens of adult mice (Lee et al., 2016) . We have shown that voluntary alcohol drinking (24-h home-cage) increases total CaMKIIα protein expression in mouse amygdala and nucleus accumbens, and that low-dose operant self-administration (~1 g/kg/day) increases pCaMKII-T286 IR in the amygdala immediately after intake (Salling et al., 2016) . In the present study, exposure to stimuli previously paired with operant sweetened alcohol self-administration (positive reinforcement) increased pCaMKII-T286 in lateral amygdala structures (LA and BLA) and nucleus accumbens shell. Together these findings suggest that stimuli that are paired alcohol self-administration become associated with the pharmacological effect of alcohol on CaMKII-T286 phosphorylation in reward-related brain regions; thus, acquiring conditioned reinforcing properties that can induce CaMKII-T286 activation (phosphorylation) and support relapse-like behavior. Undoing or redirecting the maladaptive appropriation of CaMKII-T286 activation may be useful in the medical management of relapse and other behavioral pathologies associated with alcohol addiction. A key finding from this study is that cue-induced reinstatement of alcohol-seeking behavior was associated with increased CaMKII-T286 IR in the nucleus accumbens shell (AcbSh), with no effect in the accumbens core (AcbC) or dorsal striatum (medial or lateral). The nucleus accumbens is a major component of the mesolimbic reward pathway and a primary site of alcohol's positive reinforcing effects (Hodge et al., 1995; Hodge et al., 1997; Hodge et al., 1992; Olive et al., 2000; Samson and Hodge, 1993; Samson et al., 1992) , and evidence suggests that stress-and cue-induced reinstatement of alcohol-seeking behavior is associated with increased neural activity specifically in the AcbSh (Funk et al., 2006; Schroeder et al., 2008) . These findings are consistent with other evidence indicating that CaMKII-T286 activation in the AcbSh is associated with reinstatement of opiate-and stimulant-seeking behavior. For instance, priming-induced reinstatement of morphineseeking is associated with increased pCaMKII-T286 in the AcbSh, but not AcbC, as compared to extinction controls (Liu et al., 2012) . Shortterm abstinence from cocaine self-administration is associated with increased CaMKII-T286 expression in the nucleus accumbens and medial prefrontal cortex, but not dorsolateral striatum (Caffino et al., 2014) . Reinstatement of cocaine-seeking behavior is also associated with increased pCaMKII-T286 expression specifically in the AcbSh but not AcbC (Anderson et al., 2008) . Together, these findings suggest that reinstatement of alcohol-, opiate-, and cocaine-seeking are all associated with upregulated CaMKII-T286 activation in the AcbSh. This shared molecular adaptation across drug classes underscores the significance of delineating the fundamental processes by which all drugs of abuse gain control over neural function to produce behavioral pathologies, such as relapse.
Sub-regional specificity was also observed in the amygdala where cue-induced reinstatement of alcohol-seeking behavior was accompanied by a significant increase in pCamKII-T286 IR in the lateral and basolateral amygdala, but not in the central nucleus. An abundance of evidence indicates that cue-induced relapse to alcohol-seeking behavior is associated with adaptations in the amygdala. Exposure to alcoholrelated visual cues (Wiers et al., 2015; Wiers et al., 2014) or alcohol odor (Schneider et al., 2001 ) increases craving and neural activity in the amygdala of abstinent alcohol-dependent patients as measured by fMRI. Rodent studies show that exposure to cues paired with alcohol increases markers of neural activation in the basolateral amygdala including ERK1/2 MAP kinase phosphorylation (Radwanska et al., 2008; Schroeder et al., 2008) and Fos expression (Jupp et al., 2011; Radwanska et al., 2008) . Further, cue-induced reinstatement of alcoholseeking is associated with increased glutamate transmission in the basolateral amygdala (Gass et al., 2011) , which should increase intracellular Ca 2 + that binds calmodulin and promotes activation of CaMKII via phosphorylation at T286. Following activation, CaMKII can translocate to the neuronal membrane where it drives insertion of glutamate AMPA receptors into the synapse and enhances their activity via phosphorylation of the GluA1-S831 subunit (Hayashi et al., 2000; Lu et al., 2010; Opazo et al., 2010) . We have shown that operant alcohol self-administration upregulates pCaMKII-T286 and pGluA1-S831 in the amygdala (Salling et al., 2016) and that CaMKII-dependent activation of AMPARs promotes cue-induced reinstatement of alcohol- M.C. Salling et al. Pharmacology, Biochemistry and Behavior 163 (2017) 20-29 seeking behavior (Cannady et al., 2013) . Thus, the increased pCaMKII-T286 IR observed in the LA and BLA may reflect enhanced release of glutamate and enhanced AMPAR activity in the lateral nuclei of the amygdala during reinstatement. Thus, these results support future assessment of GluA1-S831 phosphorylation in reinstatement, and regulation of relapse by a CaMKII-AMPAR mechanism in specific brain regions. Selective activation of CaMKII in specific subnuclei of the amygdala is consistent with differential functions of these anatomically distinct sub-regions. The amygdala is a heterogeneous set of nuclei consisting of several anatomically and functionally distinct nuclei. The lateral structures (i.e., LA and BLA) appear cortex-like and consist of mainly of glutamatergic projections neurons, whereas neurons in central structures (i.e., CeA) appear striatum-like and are mostly GABAergic (reviewed by (Ehrlich et al., 2009) ). Recent evidence supports the idea that processing of associative learning information occurs primarily in the LA, whereas instrumental, or operant responses, are directed via the CeA (Balleine and Killcross, 2006; Maren and Quirk, 2004) . Accordingly, CaMKII activity in the CeA regulates the primary positive reinforcing effects of alcohol (Salling et al., 2016) . By contrast, exposure to pairings of conditioned stimuli (CS or cues) and unconditioned stimuli (US, shock, food, etc.) is processed via sensory modality-specific thalamo-cortical inputs to the LA (Pare et al., 2004) , supporting the view that the LA is the "gatekeeper" of the amygdala and a key substrate of associative learning and memory (LeDoux, 2007) . Importantly, conditioned responses (i.e., response to a specific cue) require CaMKII activity in the lateral amygdala (Rodrigues et al., 2004) and pharmacological inhibition of CaMKII in the basolateral amygdala reduced cueinduced reinstatement of cocaine-seeking behavior (Rich et al., 2016) . CaMKII activity in lateral amygdala nuclei represents a novel and untapped potential mechanism of cue-induced relapse.
A significant finding from this study is that reinstatement of alcoholseeking behavior was associated with an increase in pCaMKII-T286 in the anterior piriform cortex. The piriform is part of the olfactory cortex and plays a critical role in odor memory (Wilson and Stevenson, 2003) and odor cue-reward processing (Truchet et al., 2002) . The piriform functions as an association cortex and has strong connections with the amygdala, which play a key role in linking odors with emotional or motivational value (Sadrian and Wilson, 2015) . Prior research has shown that odor cue-induced reinstatement of alcohol-seeking behavior was associated with increased Fos expression in the piriform cortex of rats (Jupp et al., 2011) . In the present study, reinstatement was induced by response-contingent exposure to a stimulus complex that included a single non-contingent alcohol reinforcer available only at the start of the session. No other alcohol was present during reinstatement testing. Under these conditions, exposure to the small volume of alcohol may have provided sufficient olfactory stimulation to increase pCaMKII-T286 IR in the piriform directly or through odor-based memory processing. Alternatively, the BLA sends CaMKII-positive glutamatergic projections to the piriform, allowing the amygdala to modulate odor processing (Luna and Morozov, 2012; Majak et al., 2004; Sadrian and Wilson, 2015) . Thus, the concomitant increase in pCaMKII-T286 IR in the BLA and piriform may indicate circuit activation induced by interactive processing of the compound cue and CaMKII-dependent processing of alcohol reinforcement in the amygdala (e.g., (Salling et al., 2016) ). Indeed, exposure to alcohol odor increases measures of craving, and neural activity in the amygdala, in recently abstinent alcoholic patients (Schneider et al., 2001) suggesting potential interaction of motivational and odor memory systems in relapse. Thus, CaMKII-dependent piriform activity may play a vital role in cue-induced relapse where alcohol odor is associated with the rewarding pharmacological effects of the drug, such as when individuals enjoy the smell of wine prior to consumption.
Results from this study also show that cue-induced reinstatement of alcohol-seeking behavior is associated with increased CaMKII-T286 IR in the lateral septum (dorsal, intermediate, and ventral sub-nuclei combined) with no change in the medial septum. The lateral septum regulates neural and behavioral aspects of motivation and addiction (Sheehan et al., 2004) , and this region has long been hypothesized to regulate alcohol drinking (Myers and Privette, 1989; Ryabinin et al., 2003) . Moreover, recent evidence indicates that GABAergic outputs of the lateral septum regulate alcohol-induced dopamine release in the nucleus accumbens (Jonsson et al., 2017) , suggesting a mechanism by which the lateral septum may regulate alcohol reinforcement. Although, prior data linking the lateral septum to reinstatement of alcohol-seeking behavior is lacking, it appears to play a key mechanistic role in cocaine reinstatement. For example, both cue-and stress-induced reinstatement of cocaine-seeking behavior is associated with increased Fos expression in lateral septum (Briand et al., 2010; Mahler and Aston-Jones, 2012) . Moreover, a circuit from hippocampal area CA3 to the ventral tegmentum utilizes the lateral septum as a relay point in the regulation of context-induced cocaine reinstatement (Luo et al., 2011) . Since the hippocampal projections to lateral septum are glutamatergic (Luo et al., 2011) , upregulation of pCAMKII-T286 observed in the present may reflect increased excitatory drive via hippocampal projections.
pCaMKII-T286 IR was observed in a variety of thalamic nuclei (Table 1) . However, reinstatement of alcohol-seeking behavior was associated with a selective increase in pCaMKII-T286 in the mediodorsal thalamus (MD, central, medial, and lateral combined). The MD influences numerous cognitive processes including memory, decision making, and reward processing (Chakraborty et al., 2016; Mitchell and Chakraborty, 2013) . Lesions of the MD disrupt cue-induced lever selection in a food or sucrose operant behavioral task but have no effect on behavioral control by the reinforcer (Ostlund and Balleine, 2008) . Similarly, contextual fear conditioning is disrupted by MD lesions but had no effect on post-shock freezing (Li et al., 2004) , suggesting a specific role for the MD in response to conditioned stimuli as opposed to primary appetitive or aversive stimuli. Specificity of MD response to cue-based stimulus control has been confirmed in cocaine reinstatement studies. Cue-induced reinstatement of cocaine-seeking behavior in rats was associated with increased Fos expression in the MD (central, medial, and lateral nuclei) (James et al., 2011) but GABAergic inactivation of the MD had no effect on shock-induced reinstatement of cocaine responding (McFarland et al., 2004) . Although thiamine-deficient alcoholics with Wernicke-Korsakoff syndrome exhibit mediodorsal thalamic lesions (Halliday et al., 1994) and show high propensity for relapse (Trevisan et al., 1998) , potential mechanistic involvement of this brain region in alcohol relapse has not been investigated. Given the general role of this this midline thalamic structure in cue-related memory processing, our finding that a primary molecular mechanism of memory, pCaMKII-T286, is upregulated by exposure to alcohol-paired cues strongly suggests that the MD may play a critical role in alcohol relapse-like behavior.
Although this study shows an association between CaMKII-T286 activation and cue-induced reinstatement, it is important to consider several methodological caveats when interpreting the data. First, the results from this study do not address potential mechanistic regulation by CaMKII. Additional work inhibiting CaMKII-T286 phosphorylation in specific brain regions, such as the amygdala or nucleus accumbens, prior to reinstatement testing could evaluate brain site-specific mechanistic regulation of relapse-like behavior. Second, the two-group design used here (Extinction vs. Reinstatement) leaves open several questions, including the potential effect of extinction training on CaMKII-T286 phosphorylation, which could be addressed by comparison to mice that are actively self-administering alcohol, or to an extinction-naïve group. These additional controls could be added to future studies to more fully address the potential role of neuroplasticity in cueinduced reinstatement. Third, self-administration sessions were conducted with an alcohol solution containing sucrose (2% w/v). Sweetened solutions have been used in preclinical alcohol research for many years and offer a variety of advantages over unsweetened alcohol, M.C. Salling et al. Pharmacology, Biochemistry and Behavior 163 (2017) 20-29 including increased intake by rodents and face validity to the human condition where sweeteners are commonly added to alcohol during the initial binge-intoxication stage of addiction (reviewed by (Crabbe et al., 2011) ). Sweetened alcohol was chosen as the reinforcer for the present study for three primary reasons. First, in our laboratory, mouse operant behavior under control of sweetened alcohol is highly stable during baseline and testing phases of mechanistic studies and generates meaningful blood alcohol levels in a 1-h session (Faccidomo et al., 2009 ). Second, we have shown that CaMKII-T286 phosphorylation is increased in amygdala subregions of mice that leverpressed for sweetened alcohol versus sucrose-only reinforcement (Salling et al., 2016) . Third, the positive reinforcing effects of sweetened alcohol are specifically regulated by CaMKII activity, as compared to sucrose alone . These findings indicate that using sweetened alcohol is a viable strategy for both assessing specific alcohol-induced neurobiological adaptations in CaMKII-T286 phosphorylation and for evaluating mechanistic regulation of drug taking behavior. Thus, interpretations of the present findings as alcohol-specific are relatively parsimonious considering prior results, but definitive conclusions require further research with a sucrose-only control or unsweetened alcohol reinstatement model.
Conclusion
Results from the present study indicate that cue-induced reinstatement of sweetened alcohol-seeking behavior is associated with an increase in CaMKII-T286 phosphorylation in specific subnuclei of corticolimbic brain regions that are known to regulate various aspects of learning, memory, and reward. CaMKII is enriched at excitatory glutamatergic synapses and represents one of the most abundant proteins in the postsynaptic density (PSD). CaMKII activity is both necessary and sufficient to induce plasticity at many excitatory synapses, and is required for learning and memory behavior (Lisman et al., 2002) . Autophosphorylation of CaMKII-T286 appears to function as a molecular switch that promotes self-perpetuating biochemical reactions, which are required for persistent changes in behavior (Sweatt, 2016) . In this regard, pCaMKII-T286 is an ideal molecular mechanism by which alcohol and other drugs of abuse may subvert adaptive neural mechanisms to produce long-term maladaptive changes in behavior. Future studies that manipulate CaMKII activity in the brain regions identified in the present study will shed new light on the molecular determinants of relapse.
